With a systematic comparison of the near-and far-field measures of plasmon resonance, we show that significant differences arise between the measures for both gold and silver spherical particles. The difference of the peak wavelengths between the near-and far-field measures increases with increasing particle size, reaching over 200 nm for a particle radius of 100 nm for both gold and silver. We physically explain these results by applying radiation damping to the quasi-static approximation, and we provide simple phenomenonological fits, which readily convert between the peak wavelengths for each measure. We expect that taking into account these differences can provide improvement in understanding and optimizing surfaceenhanced spectroscopies. © 2009 Optical Society of America OCIS codes: 240.6680, 290.4020, 240.6695, 180.4243, 280. , just to name a few. When a new nanoplasmonic structure is proposed, or when structures are to be compared, a deceivingly simple question arises: How should the plasmonic characteristics of the nanostructure(s) be characterized? Two classes of measures are currently in common use: far-field quantities of scattering, extinction, and absorption cross sections and the near-field quantities of electric field amplitude, intensity, and their maximum and surface-average values. The farfield measures remain the most commonly used, at least in part because they are easier to obtain experimentally. However, it is the localized field enhancement that is responsible for surface-enhanced spectroscopic processes such as SERS [10] , hence local field measures are those most intimately tied with the sensing capabilities of a structure.
Advances in surface-enhanced spectroscopy, such as surface-enhanced Raman spectroscopy (SERS) and surface-enhanced fluorescence [1] , as well as plasmonic resonance energy transfer (PRET) [2] , have recently led to a surge of interest in metallic nanoparticles and nanostructures. With the advent of new fabrication technology and techniques and driven by new demand, many nanoparticle geometries have been developed in recent years: sphere chains [3] , shells [4] , rods [5] , triangles [6] , bars and rice [7] , crescents [8] , and stars [9] , just to name a few.
When a new nanoplasmonic structure is proposed, or when structures are to be compared, a deceivingly simple question arises: How should the plasmonic characteristics of the nanostructure(s) be characterized? Two classes of measures are currently in common use: far-field quantities of scattering, extinction, and absorption cross sections and the near-field quantities of electric field amplitude, intensity, and their maximum and surface-average values. The farfield measures remain the most commonly used, at least in part because they are easier to obtain experimentally. However, it is the localized field enhancement that is responsible for surface-enhanced spectroscopic processes such as SERS [10] , hence local field measures are those most intimately tied with the sensing capabilities of a structure.
The use of such a variety of measures presents several problems. First, it makes comparing the effectiveness of different structures difficult, which is a significant difficulty given the dozens of different geometries that have been proposed, with many more likely to emerge in the coming years. Second, it is unclear which (if any) of the measures are interchangeable: if the spectrum (plasmon band) is considered, should the peak magnitude, width, or position be the same for any of these measures? Finally, if there is a difference between the different measures, then how are they related? Such questions are relevant both for optimizing device design and for improving fundamental understanding of spectroscopic processes.
The purpose of this Letter is to investigate and relate the commonly used measures of plasmon resonance. We choose spherical metallic nanoparticles as representative structures, as they remain arguably the most commonly used and extensively studied plasmonic structures, and we consider nanoparticles of both gold and silver.
It has been known for decades that differences occur between near-and far-field measures of spherical metallic particles [11] . However, no systematic study of the relationship between these measures exists. Here, we provide such a study and furthermore provide the physical basis of these differences and relate them with simple phenomenological fits.
We consider gold and silver particles each with complex permittivity ⑀ given by an analytical model [12] of the experimental data [13] for bulk gold and silver. The particle is present in free space ͑⑀ m =1͒, and the permeability of both the particle and the surrounding medium are assumed to be = 1. Mie theory is used for all results presented in this Letter, and series terms were added until the results converged. The quasi-static approximation, which can be thought of as an approximation to Mie theory valid when the particle size is much smaller than the wavelength of the incident light [14] , is used in providing physical understanding.
In Fig. 1 we compare the spectra of the normalized values of the absorption, extinction, and scattering cross sections, as well as the near-field measures of maximum and surface-average intensity, for a gold sphere of radius r = 25 nm. There is a notable difference between the measures, even for this relatively small particle size.
Considering the quasi-static approximation, differences between near-and far-field resonances around a particle might be expected: the near-field is dominated by a 1 / r 3 term, while in the far-field a 1 / r term dominates. Physically, the near-field measures indicate the ability of the particle to convert incoming light into a local field, while the far-field measures in-dicate the ability of the particle to absorb light and/or convert it into a propagating wave. Thus, one should not, in general, expect a single wavelength to optimize both conditions. This is visualized in Fig. 2 for a plane wave of wavelength 700 nm incident on a gold particle (rϭ100 nm), the local field is maximized, while at 600 nm a more distinct propagating scattered field emerges.
As the particle size is increased, the differences between the measures become more pronounced. In Fig. 3 , we show the peak wavelength and bandwidth for each measure for both gold and silver spherical particles as a function of particle size. As the particle radius nears 100 nm, the peak wavelengths for the different measures span 200 nm for gold and 300 nm for silver. Such a range is certainly significant for current spectroscopic techniques.
What is the cause of this redshift, and why are such distinct differences seen between the different measures? In the quasi-static approximation there is little dependence of both near-and far-field measures on particle size. However, if we consider adding to the sphere polarizability a single term from the expansion of the first TM mode of Mie theory [15] , the results of Fig. 3 can be at least qualitatively achieved. In this case, which we will call the extended quasistatic approximation,
where V is the sphere volume and 0 is the incident free-space wavelength. The imaginary term, which is not present in the pure quasi-static approximation, represents radiation damping, which physically is caused by direct radiative decay of coherent electron oscillations into photons. While other size effects such as retardation of the exciting and depolarization fields are known to cause shifts of the plasmon resonance, the ability of the single radiation damping term to achieve the key qualitative characteristics of the complete Mie solution (Fig. 3) emphasizes its importance in understanding the relative redshifts and peak broadenings of the different measures.
To understand why radiation damping causes differences between the measures of interest in this Letter, it it helpful to separate the polarizability of Eq.
(1) into its real and imaginary parts. In this case, the real part of the polarizability Re͑␣͒ exhibits a peak that both significantly redshifts and broadens with increasing particle size, while that of the imaginary part Im͑␣͒ redshifts and broadens only slightly. The drastic differences among the redshifts of the nearand far-field measures can then be understood via the relative contributions of Re͑␣͒ and Im͑␣͒:
where a is the particle radius and k =2 / 0 is the free-space wavenumber. All three measures are valid in the quasi-static approximation, and ͉E͉ near is specifically the top of the sphere in Fig. 2 . The absorption cross section C abs depends only on Re͑␣͒; since we have noted that the imaginary polarizability peak varies only slightly with particle size; we expect similar behavior of C abs , as seen in Fig. 3 . The scattering cross section C sca depends equally on Re͑␣͒ and Im͑␣͒, so we expect an increased redshift with particle size versus C abs , as is indeed seen. Finally, in the near-field [Eq. (3)], Re͑␣͒ dominates over Im͑␣͒, causing the significant redshift and broadening with particle size versus the far-field measures.
As particle size increases beyond a = 100 nm, the difference in peak wavelength for the measures continues to diverge; however, the plasmon band is significantly broadened in this regime. We demonstrate this effect in Fig. 3 , where we show 10% of the full width of the plasmon band at 90% of its maximum value. The value of 90% was chosen because for some conditions (e.g., for C abs ) the more common FWHM is not well defined, and only 10% of the value is chosen for clarity of the figure. It is clear that the plasmon bandwidth for all measures increases with particle size, with the near-field measures showing larger broadening [again owing to their dependence on Re͑␣͒]. Thus, while the difference in peak wavelength increases, the concept of peak wavelength ceases to have significant meaning for larger particles.
The curves of Fig. 3 can be fit by simple phenomenological expressions, which are presented in Tables  1 and 2 . These equations in essentially provide a means of converting between the five near-and farfield measures: given the optimal wavelength for a single measure, one can quickly estimate the expected optimal wavelength for the remaining four measures. While the fits shown are simple, they provide excellent agreement with Mie theory: for a particle size ranging from 5 to 100 nm, the maximum and mean error of each fit is Ͻ4 and Ͻ2 nm, respectively. Given that this variation is comparable to or less than the variation, which occurs owing to the differences in analytical fits of the complex permittivity of the metals [12] , further improvement in the fits is unnecessary at the present time.
To conclude, in this Letter the near-and far-field techniques commonly used to characterize plasmon resonance of metallic structures have been compared for gold and silver spherical nanoparticles. It has been demonstrated that there is no single wavelength that optimizes the measurable quantities indicative of plasmon resonance. The optimal wavelength for surface-enhanced spectroscopy, which depends on the near field, can be significantly redshifted compared to the commonly detected far-field. We have provided simple phenomenological fits that provide conversion between the five commonly used near-and far-field measures. Fig. 3(b) Tables 1 and 2 . The vertical bars represent 10% of the full-width of the plasmon band at 90% maximum. Fig. 3(a) , a ഛ 65 abs = 586− 0.469a 1.19 , a Ͼ 65 Scattering sca = 519+ 0.00389a 2.20 Extinction ext = 492+ 0.0136a 1.95 Surface-average SA = 536+ 1.58 Exp͓0.0478a͔ Maximum max = 536+ 2.53 Exp͓0.0405a͔
